Background: Several conservative treatments for medial knee osteoarthritis such as knee orthosis and laterally wedged insoles have been shown to reduce the load in the medial knee compartment. However, those treatments also present limitations such as patient compliance and inconsistent results regarding the treatment success. Objective: To analyze the effect of an ankle-foot orthosis on the knee adduction moment and knee joint alignment in the frontal plane in subjects with knee varus alignment. Study design: Controlled laboratory study, repeated measurements. Methods: In total, 14 healthy subjects with knee varus alignment were analyzed in five different conditions: without orthotic, with laterally wedged insoles, and with an ankle-foot orthosis in three different adjustments. Three-dimensional kinetic and kinematic data were collected during gait analysis. Results: Significant decreases in knee adduction moment, knee lever arm, and joint alignment in the frontal plane were observed with the ankle-foot orthosis in all three different adjustments. No significant differences could be found in any parameter while using the laterally wedged insoles. Conclusion: The ankle-foot orthosis was effective in reducing the knee adduction moment. The decreases in this parameter seem to be achieved by changing the knee joint alignment and thereby reducing the knee lever arm in the frontal plane.
Background
Osteoarthritis (OA) is one of the most frequent causes of disability in the elderly population. 1 Painful knee OA associated with mild-to-moderate disability affects up to 10% of adults over 55 years of age. 2 The causes of this degenerative disease are based on a combination of various systemic and biomechanical risk factors. [3] [4] [5] It has been suggested that mechanical load plays an important role for the disease progression. 6, 7 Medial knee OA progression was reported in patients with higher knee adduction moment (KAM), 8 which is an indicator of load distribution between medial and lateral knee compartments. 9 The use of orthotic devices as conservative therapy for knee OA is supported by the concept that reducing the mechanical load in the affected knee compartment could decelerate disease progression. Valgus knee braces and lateral wedged insoles have been shown to be effective in reducing the KAM to different extents. [10] [11] [12] [13] [14] [15] [16] [17] [18] The reduction of this parameter with the use of different orthotic devices can be achieved by different mechanisms. A direct application of an abduction moment at the knee joint by a valgus brace was reported in previous studies as a mechanical strategy for reducing the knee varus moment. 17, 19 In addition, changes in the knee lever arm in the frontal plane due to changes in the ground reaction force (GRF) components and joint alignment are also probable mechanisms described in the literature for the reduction of the KAM with the use of knee braces and wedged insoles. 11, 12 A recent study reported that the reduced lever arm in the knee joint observed with lateral wedged insoles resulted primarily from changes in the frontal plane orientation and location of the GRF vector relative to the knee center, rather than changes in the location of the knee center relative to the GRF due to changes in joint alignment. 12 An important aspect for the effectiveness of lateral wedged insoles or wedged shoes on the reduction of knee joint loading is the stabilization of the ankle joint by using an ankle orthosis or strapping of the subtalar joint. [20] [21] [22] [23] The combination of wedged soles/insoles and ankle stabilization produced higher decreases in the KAM and medial knee joint force compared to the use of wedged soles/ insoles alone. According to the above-cited literature, ankle stabilization could contribute to avoid potential compensating coronal plane movements in foot and/or ankle joint, thereby increasing the effect of wedged insoles in knee joint unloading.
Although the effectiveness of different knee braces has been shown in the literature, high cost and compliance are the factors which could compromise treatment success. Lateral wedged insoles present the advantages of low cost and high compliance; however, the decreases in the KAM are relatively small compared to that observed with knee braces. Additionally, some inconsistencies in the literature regarding the effectiveness of this intervention are reported. [24] [25] [26] [27] [28] An alternative for decreasing the KAM could be achieved by increasing the ankle joint stabilization using an ankle-foot orthosis (AFO), which should reduce the lateral rotation of the tibia in the frontal plane, thereby reducing the knee varus deformity. This altered tibia position would lead to a more medial location of the knee joint center, reducing the knee lever arm in the frontal plane and therefore causing a decrease in the KAM.
The purpose of this study was to analyze the effect of an AFO in different adjustments on knee joint kinetics and kinematics. We hypothesize that using an ankle orthosis in an adjustment, which should provide a medial shift of the knee joint center, will cause a decrease in the KAM. Therefore, the main outcome analyzed was the KAM. The second aim of this study was to analyze the mechanisms by which the KAM is altered with use of the AFO. Although alteration in the knee lever arm was found in previous studies with use of wedged insoles and knee braces, this alteration can be a result of a combination of various factors such as changes in knee joint position or alignment, changes in the center of pressure (COP) position, or inclination of the GRF vector. Therefore, this study also aimed to analyze changes in those biomechanical parameters, such as secondary outcomes, which could contribute to the reduction of the KAM. In addition, possible kinematic changes in the ankle joint were also investigated because the AFO could possibly restrict ankle joint motion in the frontal and transversal planes.
Methods

Participants
In total, 14 healthy male subjects (age: 24 ± 4.8 years, height: 178.8 ± 5.7 cm, mass: 73.7 ± 8.0 kg) participated in this study. Inclusion criteria were varus knee alignment and the absence of pain or previous injuries of the lower extremity. Varus alignment was assessed using the intercondylar distance. Subjects presenting at least 50 mm intercondylar distance measured with a caliper were recruited for participating in the study. Because this pilot study was conducted with healthy subjects, a radiographic assessment of knee alignment was not performed for ethical reasons. High correlation (r = 0.89) between mechanical axis obtained using full radiographs and the intercondylar distance was recently reported. 29 Ethics approval was obtained from the local institution, and all participants provided written informed consent before enrollment. Each subject attended the laboratory only once.
Data collection
The test was conducted in the gait analysis laboratory at the Institute of Biomechanics and Orthopedics of the German Sport University Cologne. By using a study design with repeated measurements, each subject performed walking trials in each of the following conditions: without any kind of orthosis (baseline), with laterally wedged insoles (4° inclination), and AFO in neutral adjustment, in 4° valgus adjustment, and in 4° varus adjustment. Detailed information about the different AFO adjustments is provided in section "AFO" below. The different test conditions were applied at random order and participants were blinded to the different orthosis adjustments. Using a routine written in MATLAB 7.0 (The Math Works Inc., Natick, USA), 14 different sequences were created using random numbers, which represented the different conditions applied to the subjects. Before testing, subjects were asked to walk five times across a 13-m gait laboratory walkway to determine the mean (±5%) of their selfselected walking speed used for the data collection during the different test conditions. Overall, six trials were collected for each of the randomized conditions. The subjects used standardized neutral shoes manufactured by Victoria (Model: Victoria Sneaker marron; Calzados Nuevo Milenio S.L., Calahorra, La Rioja, Spain) and provided with three holes for the positioning of screwable markers on the heel.
Gait analysis
Participants underwent three-dimensional (3D) gait analysis using a 10-infrared camera system (Vicon Motion Systems, Oxford, UK) at 200 Hz. Two force plates (Kistler Instruments, Winterthur, Switzerland) embedded in the walkway captured GRF data at 1000 Hz. The moments acting about each joint were calculated by an inverse dynamic model and expressed as external moments. A custom-made model 30, 31 adjusted for the purpose of this study was used. The lower extremity was modeled as a linkage of three rigid bodies representing the foot, shank, and thigh. Infrared cameras were used to measure the 3D positions of retro-reflective markers, which were attached to each subject's skin over the following bony landmarks: anterior superior iliac spines; posterior superior iliac spines; greater trochanter; medial and lateral femoral epicondyles; medial and lateral tibial condyles; tibia; medial and lateral malleoli; medial, lateral, and posterior aspects of the calcaneus; distal heads of the first and the fifth metatarsals; and hallux. The marker set used is represented in Figure 1 . The marker set was not changed throughout all test conditions. During the reference trial for the definition of joint centers, markers were placed on medial and lateral malleoli. Using this reference trial, ankle joint center could be defined in relation to the other three markers placed on the shank. Once the ankle joint center was defined, malleoli markers were removed for orthosis fitting, and ankle joint center could be calculated for the dynamic trials using the remaining shank markers.
AFO
A prototype of an AFO, which was developed to induce changes in the tibia position in the frontal plane and stabilize the ankle joint, was used in this study. Ankle joint stabilization should be achieved by avoiding a lateral rotation of the proximal aspect of the tibia in the frontal plane. This prototype comprised a sole, which was inserted in the shoe, and a unilateral tubular frame, which passed laterally upward along the shank and was connected to the subject's leg via a fastening device with straps. The orthosis joint could be adjusted in several varus/valgus angulations, which should lead to changes in the tibia position in the frontal plane. The orthosis' joint allowed for unrestricted plantar and dorsal flexion; however, movements in the frontal and transversal planes were restricted. The structure of the orthosis was complemented by a soft padding on the inside of the splint to ensure a comfortable wearing of the orthosis.
To define the neutral position, the sole was inserted in the shoe, and the orthosis was positioned on the ankle and fixed to the subject's leg, with the subject sitting on a chair. For adjusting the tubular frame to the shank contour, two adjusting screws localized at the orthosis' joint axis and two screws localized at the tubular frame (proximal aspect of the shank) were loosened (Figure 2(a) ). The subjects were asked to walk several steps with the orthosis before the screws were retightened so that the tubular frames of the orthosis could be adjusted to the subject's leg contour. This orthosis adjustment was defined as "neutral" adjustment. By retightening the screws and adjusting the straps, a firm tension was produced to avoid orthosis' slipping, without soft tissue binding. Once the orthosis was adjusted and fixed at the subject's shank, the strap tension was kept constant by maintaining the same strap length for the other conditions (4° valgus, 4° varus).
After setting the neutral adjustment by fitting the orthosis to the subject's leg, the orthosis was positioned on an apparatus for setting varus/valgus adjustments from this individual neutral position (Figure 2 (c)). A pole adjustable in height included three holes, in which a perpendicular reference bar could be positioned. Before loosening the screws for allowing changes in the AFO adjustment, only the position of the adjustable pole with the reference bar was changed to fit to the individual neutral position of the orthosis. For this purpose, the reference bar was placed in the middle hole, and the pole was lifted up until the bar was in contact with the tubular frame. For each subject, the initial height of the pole was maintained at this position, and for the two other conditions (4° valgus and 4° varus), only the reference bar was repositioned. The 4° valgus adjustment was achieved by placing the reference bar in the lowest hole and loosening the screws to permit adjustments of the tubular frame, changing the AFO adjustment. The frame was set down until they had contact with the reference bar and the screws were then retightened in this position. For the 4° varus adjustment, a similar procedure was applied using the upper hole of the pole. The distance between each hole corresponded to changes of 4°. In this study, the "valgus adjustment" was defined as the adjustment which would induce a more valgus alignment at the knee by avoiding a lateral rotation of the proximal aspect of the tibia in the frontal plane. Then, this definition of "valgus adjustment" refers to kinematic changes at the knee and not at the ankle joint.
Data analysis
Joint moment calculations were based on the mass and inertial characteristics of the limb, the derived linear and angular velocities, and accelerations of each lower extremity segment, as well as GRF and estimated joint center position. Marker trajectories were filtered using a fourth-order recursive Butterworth filter with a cutoff frequency of 10 Hz. All kinetic parameters were normalized to body mass. A custom algorithm written in MATLAB 7.0 was used for the calculations. Variables of interest were KAM, knee lever arm and position of knee joint center in the frontal plane, knee angles in the frontal and transversal planes, position of COP, and inclination and magnitude of the GRF vector in the frontal plane. Additionally, ankle angles in the frontal and transversal planes were also investigated because the orthosis' joint restricted movements in those planes. For the KAM, first and second peaks during stance were analyzed as well as the knee adduction angular impulse. As the secondary purpose of this study was to analyze the mechanisms for possible changes in the KAM, all other parameters were analyzed at the instant of the first peak KAM or second peak KAM if significant changes were observed for those peaks.
Statistics
After testing for normal distribution of the data, comparisons between conditions were performed with analysis of variance with repeated measures since all conditions for using parametric tests were attended. Bonferroni corrections were applied in the post hoc pairwise comparisons, when a significant overall main effect was detected, so that corrected p values were used for the pairwise comparisons between all test conditions at a level of significance of 0.05. Statistical analyses were performed using IBM SPSS Version 20 (IBM Corporation, New York, USA).
Results
Subjects walked with a mean gait velocity of 1.44 m/s (baseline: 1.45 (0.17), wedged insoles: 1.44 (0.18), AFO neutral: 1.44 (0.17), AFO varus: 1.44 (0.18); and AFO valgus: 1.45 (0.17)). Significant differences in the first peak KAM and in the knee adduction angular impulse were observed for the conditions with AFO in the three different adjustments ( Table 1) . Decreases of 8.1%, 10.9%, and 11.9% in the first peak KAM were observed for the varus, neutral, and valgus adjustments, respectively, compared with the baseline condition. For the parameter knee adduction angular impulse, decreases of 3.3%, 5.3%, and 7.3% were found for the varus, neutral, and valgus adjustments, respectively, compared with the baseline condition. No significant differences were observed between baseline and laterally wedged insoles.
GRF data are presented in Table 2 . No significant differences were observed among test conditions. Table 1 . Mean and SD of the KAM (first and second peaks) and knee adduction angular impulse during different test conditions. For the intervention conditions (wedged insoles and AFO), mean differences with 95% CI and effect sizes related to the baseline condition are also presented. Significant decreases in the knee lever arm in the frontal plane were found with the AFO orthosis in the three different adjustments compared to baseline condition (Table 3 ). This parameter also decreased significantly with the AFO in neutral and valgus adjustments compared with the laterally wedged insoles. No significant differences were observed among AFO adjustments. Decreases observed in relation to baseline were 6.7%, 8.8%, and 10.3% for the varus, neutral, and valgus adjustments, respectively. The knee angle in the frontal plane also decreased significantly, indicating a change from varus to a valgus position. Mean curves of KAM, knee lever arm, knee angle, and tibia rotation in the frontal plane for all subjects during the different test conditions are presented in Figure 3 .
KAM-first peak
At the instant of the first peak KAM, significant differences were observed for the angle of the ankle joint in the frontal plane between wedged insoles and all other test conditions, indicating a higher eversion of the calcaneus in relation to the tibia with laterally wedged insoles (baseline: 1.38° ± 2.55°; wedged insoles: 4.36° ± 3.03°; varus: 1.11° ± 4.64°; neutral: 0.33° ± 3.69°; and valgus: 0.03° ± 4.84°). In the transversal plane, no significant differences in the external rotation could be observed between conditions (baseline: 5.81° ± 3.26°; wedged insoles: 6.99° ± 3.18°; varus: 6.50° ± 2.87°; neutral: 6.45° ± 3.07°; and valgus: 6.40° ± 3.38°).
Discussion
The primary aim of this pilot study was to investigate the effect of an AFO on the KAM in subjects with knee varus alignment. The AFO tested in this experiment was a prototype, which was designed to change the tibia orientation in the frontal plane and to stabilize the ankle joint. The valgus adjustments of this orthosis should contribute to keep the tibia in a more vertical position, avoiding a lateral rotation of the proximal aspect of the tibia in the frontal plane. This would cause a decrease in the knee lever arm in the frontal plane and thereby decreasing the KAM. The varus adjustment should cause an opposite effect increasing the knee varus malalignment and the KAM. Significant decreases in the KAM, knee lever arm, and knee varus angle in the frontal plane were observed with the AFO in all three adjustments, which contradicts our expectations. The neutral adjustment adopted in this study was defined as the orthosis configuration, which should fit to leg contour. From this position, valgus and varus adjustments corresponded to 4° changes in relation to the neutral adjustment in either direction. It is possible that changing the orthosis configuration by only 4° in each direction was not sufficient for producing different effects among the three adjustments. This limitation regarding the different orthosis adjustments should be investigated in future studies. It seems that the AFO, independent from the adjustment used, offers ankle stabilization Table 2 . Mean and SD of the GRF in the frontal plane during different test conditions. Presented GRF data correspond to the instant of first peak knee adduction moment. For the intervention conditions (wedged insoles and AFO), mean differences with 95% CI and effect sizes related to the baseline condition are also presented.
GRF resultant frontal (N/kg)
GRF Z (N/kg) GRF Y (N/kg) GRF angle (°)
Baseline Mean (SD) 11 Table 3 . Mean and SD of knee lever arm in the frontal plane, COP, knee angle (frontal and transversal planes), and position of the knee joint center in the frontal plane during different test conditions. Presented data correspond to the instant of first peak knee adduction moment. For the intervention conditions (wedged insoles and AFO), mean differences with 95% CI and effect sizes related to the baseline condition are also presented. avoiding the external rotation of the shank in the frontal plane (Figure 4) . By keeping the shank in a more vertical position, the knee lever arm (distance between GRF vector and knee joint center) is shorter. This altered position of the tibia in the frontal plane while wearing the AFO is illustrated in Figure 3(d) . It is important to note that this graph shows the orientation of the shank segment in the global coordinate system and does not represent the angle of the ankle joint in the frontal plane. The angle of the ankle joint (angle between calcaneus and tibia) was not significantly altered by the AFO compared to baseline. Stabilization of the ankle joint was already pointed out in early studies as an important factor for the effectiveness of laterally wedged insoles. 22, 23 According to those authors, kinematic changes in the subtalar joint induced by laterally wedged soles could be better transferred to the tibia by strapping the ankle joint, avoiding compensating movements of the talus. Although significant increase in the eversion angle between calcaneus and tibia was observed with wedged insoles in this study, this change was not transferred to the tibia and no changes in the knee angle in the frontal plane could be found. Kutzner et al. 20 reported slightly higher unloading effect of the medial knee compartment using a combination of wedged insoles and a soft ankle orthosis. Also, better results regarding the KAM were observed by Schmalz et al. 21 combining wedged soles and ankle orthosis. The above-cited studies used the ankle orthosis only as a stabilization element for the joint. This study analyzed the effect of changing the orthosis alignment in the frontal plane to induce kinematic and/or kinetic changes at the knee joint. The combination of wedged insoles and the AFO was not analyzed in this study.
Knee lever arm
Changes in the KAM with laterally wedged insoles could not be observed in this sample of healthy individuals. Small decreases (about 7%) in the second peak KAM were reported in our previous study with patients with medial knee OA using the same insoles as used in this study. 11 Individual responses to laterally wedged insoles are widely reported in the literature, and it is known that some subjects present an opposite effect on the KAM than that expected while using such foot orthotics. 12, 13, 24, 26, 27 The reasons for these individual responses are not clear. In our sample of 14 subjects, 5 individuals presented an increase in the first peak KAM and 3 individuals in the second peak KAM. It is interesting to note that the opposite response in the first and second peak KAM was not observed in the same subjects. Future studies should investigate the reasons for these findings. Possibly, treatment success with laterally wedged insoles could be related to ankle joint stiffness of each subject. Stiffness is defined by the relationship between the applied force and the resulting displacement. Since joint movement occurs mostly rotational and not translational, joint stiffness can be defined as the relationship between external joint moment and changes in the angle of the joint (resistance to movement). It is affected by the combination of different factors such as passive joint structures (tissue viscoelastic properties of joint capsule and ligaments) and neuromuscular aspects. 32 Those factors determine how much movement can be achieved in a joint for a given external joint moment. Maybe subjects with higher joint stiffness in the frontal plane could have more benefit from wearing laterally wedged insoles than subjects with lower joint stiffness, by allowing kinematic changes in the subtalar joint to be better transferred to the tibia. This speculation is based on previous studies, which reported better results of laterally wedged insoles using subtalar strapping or ankle stabilization. [20] [21] [22] [23] A secondary objective of this study was to investigate the reasons for possible changes in the KAM. Therefore, other biomechanical parameters besides KAM were also investigated. No significant changes in the COP and GRF magnitude or inclination at the time of the first peak KAM could be identified with the different orthotic devices. Those parameters were not analyzed for the second half of the stance phase because no significant changes were identified in the second peak KAM. A recent study by Hinman et al. 12 used a regression analysis to identify the contribution of different biomechanical parameters to the reduction of the KAM observed with wedged insoles. This approach was not applied in this study due to the small sample size analyzed. Nevertheless, it seems that the underlying mechanisms for decreased KAM observed with the AFO are different from that observed with laterally wedged insoles reported by Hinman et al. 12 Those authors identified a reduction of the knee lever arm in the frontal plane, which explained about 46% of the changes in the KAM. Although this was the only parameter, which significantly explained the changes in the KAM, Hinman et al. 12 reported significant differences in the COP and GRF data. Additionally, changes in those parameters (COP and GRF) correlated significantly with the changes observed in the KAM. In this study, a reduction of the knee lever arm was also observed; however, we suppose that this change occurs due to the alteration in the knee angle in the frontal plane since no changes were observed in the COP or GRF ( Figure  4 ). Future studies with a larger sample would elucidate the mechanisms for reduced KAMs with an AFO by using a regression analysis.
Besides the small sample size, a further limitation of this study is the investigation of an orthotic device in healthy subjects. Although the sample was composed of individuals with knee varus alignment, a joint deformity, which is often observed in patients with medial knee OA and associated with higher joint loads in the medial knee compartment, the generalization of the results for an osteoarthritic population should be done with caution. Some gait strategies used by patients with knee OA, such as toe-out gait and lateral trunk sway, were reported in the literature as an attempt to reduce knee joint loading. 33 Future studies should investigate whether patients still would use such strategies in combination with the orthotic device. Anyway, the tested AFO showed to be effective in reducing knee varus malalignment, which from a mechanical point of view would contribute to reduce the KAM also in patients with knee OA and varus alignment. Another important aspect, which should be investigated in future studies, is patient compliance achieved with the AFO. Compliance is a concern regarding almost all orthotic devices. However, when comparing this AFO to traditional knee braces for knee OA, some advantages of the former device regarding wearing comfort can be pointed out, which could contribute to better compliance. Most patients complain about the length, weight, and the difficulty of wearing knee braces under the cloths. Those aspects could be minimized using an AFO compared to knee braces. Wedged insoles show better acceptance; however, its effectiveness is questionable. Future studies with patients with knee OA should provide more insight into compliance of this new orthotic device.
Conclusion
In summary, a significant decrease in the KAM could be observed in subjects with knee varus alignment while using an AFO in different adjustments (4° valgus, neutral, and 4° varus). The orthosis was effective in changing the knee joint alignment and the knee joint lever arm in the frontal plane. Long-term effects on the KAM, symptoms, joint function, and compliance in patients with medial knee OA should be investigated in future studies. The use of AFOs designed to change the tibia position and thereby the knee joint alignment in the frontal plane could represent an alternative for conservative treatment of knee OA.
